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POTENTIALS OF IFON, 18-8 AND TITANIUM IN PASSIVATING SOLUTIONS
Herbert H. Uhlig and Arthur Geary
Corrosion Laboratory, Department of Metallurgy
Massachusetts Institute of Technology, Cemtridge, Massachusetts

ABSTRACT

Potentials of iron in chromates follow the Langmiir Adsorption Isotherm,
as shown by the linear relation between _l-\c_.-'.'- vs C, vhere ! is concentration and
AE is change of potential. Maximum potential change corresponding to an
adsorbed monolayer of chromate ions occurs at 0.0025 molar K Cr0,, wnich
approximetes the minimm concentration for passivity reported by Robertson.

The evidence agrees with s primary mechanism of passivity based on adsorption
rather than oxids film formation, especially since potentials of iron in ssversl
organic inhibitors, vhich are conceded to function by adsorption, also follow the
edsorption isotherm as shown by Hackerman et al. Passivity of 18-. stainless
steel and titanium in sulfuric acid containing cupric or ferric salts appears
similarly to be accompanied by adsorption of cutt or FeH*'. The irreversible
nature of the potentials is in accord with the view that the adsorbate, in part,
is chemisorbed.

Hydroxyl ions in 4% NaCl produce more active potentials in passive 18-8
or titanium presumebly by displacing adeorbed oxygen. Potentiels of 18-8 in
alkaline NaCl as a function of partial pressure of oxygen follow the adsorp-
tion isothsrm, which adds confirming avidence that an adsorbed oxygen film
is responsibla for passivity. The decrsased potentials between active and

passive areas plus precipitation of passivity-destroying metel chlorides at




incipient anodes accounts for inhil ‘ion of pitting in chloride solutions by
alkalies,

Calculated Langmuir isotherm constants, taking into account competitive
chemisorption processes, agree qualitai vely with expected relative values
based on chemical properties of metsls and adsorbates.
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Chromates are in the class of inhibitors called passivators because the
potential of iron imrersed in a chromate solution 1s several tenths volt more
noble than in water, and irom no longer corrodes visibly. Two points of view
have been proposed regarding the mechanism of passivetion by these and similar

compounds., Hoar and Evana(l) proposed that chromates react with soluble ferrous

(I)T- P. Hoar and U. R. ms. Je Chln. Socu .1332: 2476

talts throwing down a protective film of hydrated ferric and chromic oxides.
Aceordingly, a film of ferric oxids on air-exposed iron will, if introduced
into chromates, be made more protective because the chromate "repairs® the film
discontinuities. Since then, this view has been re-stated bty several investiga-
tors{2314) | Mayme and Pryor(?) modified the picture somewhat, based on their

—— - -

(2)'1'. P. Hoar, Trans. Faraday Soc., 45, 683 {1949).

(3);, Mayne and M. Pryor, 7. Chem. Scc., 1949, 1831

(A)H. J. Pryor and M. Cohen, J. Elsctrochem. Soc., 100, 203 (1953).

electron diffraction studies, proposing initial adsorption of chromates followed
by direct reaction with iron to form an unhydrated & FeQ, film which they



suggested was a better diffusion barrier laysr than a film of hydrated oxides.
A second view attributes passivity to adsorption of chromate ions on
the metal aurfaeo(5’6’7’8). Formation of an oxide film is considered unnecessary,

(5)4. 5. Unlig, Chen. Eng. Nevs, 24, 3154 (1945).
(6)3. H. Uhlig, Metaux et Corrosion, 22, 204 (1947).

(7)"Cormaion Handbook®, p. 31, edited by H. H. Uhlig, John Wiley & Sons, Inc., 1948.
)

o~

We Do Romrtsong Je Electrochen, SOC., 9.3., 910 (1951)-

although such a film msy form eventually and aid in the overall protection. The
primary protection, however, is considered to result from satisfaction of valence
forcas of the surface metal atoms by chemical bonding with chromate ions, and
withoul the metal atoms leaving their respective lattices. A similsr mechanism

has been proposed for specific organic 1nhibltors(9).

(9)N. Hackerman and H, Sehmidt, Corrosionm, 5, 237 (1949).

Passivators, in accord with this view, are substances having high affinity
for the metal, and accompanying high activation energy for any reaction which
results in a new lattice belonging to a surface stoichiometric compound. These
are the essentlal conditions for chemisorption. Consequently, an iron-chromium
oxide or iron oxide, whichever forms ultimately when iron is exposed to chromate
solutions, accumulates only slowly., Chlorine, for example, is not a passivator
because, despite high affinity for the metal, lts activation energy for reaction

is low, resulting in rapid production of iron chlorides rather than a chemisorbed



fila of chlorine atoms. Oxygen, by way of contrast, reedily chemisorbs on many
netals and is a good passivator. Halide lons break down sassivity by competing
with oxygen or otier pasrivators for a olace on the metel surfluce; Lul once they
suc.'eed, metal corrodes at such arer3 until additionsl passivator adsorbs.

Evs.ns(lo) and others(l’j’n) isolated oxide films on irvn exposed to

\
(u'U. R. Evana and J. Stockd-le, J. Chex. Soc., 1239, 2651

12

chromates aad susvosed taese to be the primery source of nrotection. Circum-
stantial evidence of tais kind is not conciusive, however, in view of the primary
orocess of adsorytion which, if it occurs at all, always orecedes the fornation
of orldes or otner comoounds, and contiaues in effect even after the usually
sermeutle, although rel:tively thick oxide films s>2 formed. In specifiec in-
stances, some chemical reagents used for stripping of surface films may sctually

(12,13)

yroduze an oxide rerction product lhen this is the crse, the stripping

- — .- ot - - ——p =

W. Vernon, F. Wornvell and T. Nurse, J. Iron and Steel Inst. (London) 159,

81° (1944).

(13 )M. Fontuna, Discussion Section Trans. Elec.rochem. Soc., 23, 335 (1948).

. S n W e =D > W @ W T et S - — —m

reczent mey hssten reaction of adsorbed films, if not of other substunces, with

the metal, resulting in a surface -sompound where none existed before,

(14)

McKinney and Warner in discussing a paper by Evans axpressed doubt

(M)Do McKinney and Ju C. wmer, Ind. md Enga Chem., 31, 705 (1945)'




b

that chromates could act merely by precipitation of ferric-chromic oxides on the
metsl surface, in view of the feet that chromlc salts are relatively poor inhibi-
tors compared with chromates. Evana(ls) replied that when chromlc selts pre-

(ls)U. R. Evans, Ibld, p. 706.

cipitate a film of hydrated chromic oxide on cathodic arees, atteck is not hindered;
vwhereas with chromates mixed hycroxides arc precipitated locally at places where

enodic attack woula otherwise set in and prevents it from developing. This explans-

tion, however, is less convincing in light of Rohertsonia(s) subsecuent data
which showed that molybdates and tungstetes, anslogous to chromates structuraelly,
and inhibtiting at the same minimum concentretionm, feil to cxidize ferrous salts,
(or do so extremely slovly(l’)) and, hence, are guite unlike chromates in their

capecity to precipitete & supposed protective anodic coating*.

);Criucism of Robertson's conclusions has been m~de on the basis that the otherwise
wesk oxldizing capacity of molybdate and tungstate in acid solution might be
greater in neutral ssolut:l.c.»na(l‘6 ) corresponding to conditions of pH at the surface .

(16)

M. Pryvor and M. Cohen, Discussion Section, J. Electrochem. Soc., 98, 513 (1951).

of iren. Hovever, the oxldizine tendency of these salte is less in neutrsl or
elkaline media as compared with acié solutions, (=& can be demonstrated thermo-
dynamically) end, hence, if oxidction does not proceed in acié media it is
certeinly not expected under conditions of higher pH. This in faet was demon-
strated for molybdetes and tungstetes by Pryor and Cohen throuzh titrations in
neutral media. They found only 11% of 0,0072 N ferrous sulfate to be oxidized by
0.] N sodium tungstete after as long e period ss three deys, slthough they inter-
pret this slow rete as sufficlent to form the supvosed protective film. Actually,
molybdates and tungstates ere less effective oxidizers than 1s dissolved oxygen.

This 18 not to say that iron does not reduce molybdates and tungstetes in solu-
tion end become oxidized ir the process. However, the minimum concentrstion of
these substences for pasaivity or imhibition, icdentical with the minimum concen-
tration of chromates despite differing oxidizing tendencies compared with chrometes .
or with dissolved oxycen, suggests & mechenism of protectlon dependent cn some-
thing cother than an oxidation remction leading to impermestle oxide film formstion.
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Roz2enfell'd and Akimov leaned to the possibility thet mnodic nolarization

an, (18)

of iron by chrometes was dus to adsorption of the chromete ion Indelli

-— — - amma

I. Rozenfel'd and G. Akimov, Doklady Akad. Nauk, S.2.5.R., 57, 379 (1949);

(17)

Chem. Abst., Lk, 459 (1950).

(13),. Indelli, Ann. Chin. (Rome) 42, 189 (1950); Chem. Abst., 45, 10177 (1951).

also iaterpreted potential behavior of iron and 18-8 in chromates in terus of
adsorption of the inhibiting ion.

Simnad(lg) using radioactive chromium cc;ncluded that the view of How: and

(19):{. Simnﬂd’ Je I!".St. Metals Monogmph No. 13’ De 23’ London (1953)0

Evens was corioborated by the almost similar pick-up of radioactive chromium
whether iron was immersed in chruaic chloride or in chromates, and by the
spotty desosition of radio-chromium salts on an iron surface exvosed to chromstes,
presumably revealing ar 'de areas. However, his conclusions do not tcke into

- account reaction of chromic chloride with iron to form hydrated oxides which
adhere to tae metsl surface in the same munner as hydrous F.0, but which are
not protective in the same sense as chromates. Similarly, chromates may be
reluced at preferential neta=l areas, particularly if chlorides or sulfates in

solution are present which accelerate consumption of the passivator( 20).

(20)y, Darrin, Ind. Eng. Chem., 38, %3 (1946).

Tmpurities in the metal may also accelerzte reduction of chromates,

-
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Brasher and Stove(zl) based on similar studies using radiosctive chromium

(ZI)D. Brasher and E. Stove, Chem. and Ind., No. 8, 171 (1952).

as chromate report that the amount of chromium plcked up by abraded mild steel
after three days immersion as a function of chromate concentration follows the
form of a tyoical adsorption isotherm, They find a meximum of 5.5 X 10> chromium
atoms oer cm? geometric surface. Considering a nrobable value of the roughness

(22)

factor for an abraded surface equal to 3 , and a diameter of Cr0,” eocual to

(2?)'1‘. L. 0'Connor, Corrosion Leb., M.I.T., unpublished measurements.

5.4 K(ZB), their value corresponds to the equivalent of 4.5 layers of close-pucked

(23 )B. E. Warren, Private commnication. '

chromete lons. The mumber of layers would be less if correction were made for
any chromate adsorbed on the mir-formed surface oxide or reduced to chromic
oxide during the three deys exposure,

Povers and Hacker.nan(zz‘), also using abraded s~»2l, found in agreement

(24)11. Powers and N. Hackermen, J. Electrochem. Soc., 100, 314 (1953).

wita Brasher and Stove that after two deys immersion in 10°3 M radio-chromste

15

at oH 7.5 there were 5.2 x 15°° chromium atoms remaining per em? of surface,

uniformly distributed.
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Potential measurements of iron exposed to chromate solutions add to the
pertinent evidence concerning the mechanism of paseivetion. Data of this
kind are presented herewith, together with parallel data for 18-8 stainless

steel and titanium in other passivating electrolytes.

PROCHDURE

Potentizls were measured using e orecision potentiometer and vacuum-
tube galvanometer in conjunction with a silver chloride reference electrode
in 0.1 N KCl, The potential of the letter on the hydrogen scale omitting
licuid junction potenti-ls is 0.288 wolt at 25°C. All measurements were.
conducted in an air thermostat mainteined withir 0.2°C of 25°C. Final values
ere for steady state where the net change within 12 hours wrs less than 5
millivoits. This often reouired successive measurements over several days.
The maximum chznse, however, within a few centivolts was obteirsd usually

during the first 24 hours.

Iron electrodes were prepered from high-purity 0.030-inch diameter wire
obteined by courtesy of the Nstional Bureau of Standards (C € 0.C01%, totel
impurities about 0.008%). Six-inch lensths were mounted in glass tubing and
sezled vsing polystyrene cement with about 1 cm of wire projecting. The
surfece w~s prepared by pickling in 107 H.S0,, followed by washing and
imrediate trensfer to the test solution.

Electrodes of 18-2 ware nrepared from Type 304 0.028-inch dlameter wire.

The wire was firet annerled by heating electrically to 1Q00°C end cuenching in air,



thea was pickled in 15 vol. % HNO;, 2 wol. % HF at 70-80°C and washed. It was
immersed directly into the electrolyte to a depth of about 1 cm.

Titanium electrodes were made by cutting thin strins of Bureau of Mines
cold rolled titenium, followed bty pickling in YMNO,-HF at 70-80°C. No heat treat-
nent was employed.

Ferric ilon concentration in sulfuric acid was determined by reduction first
with stannous chloride, the excess of which was eliminated by adding HgCl,, fol-
lowed by titration with permunzanate. Cupric ion concentration was determined
by titration using thiocyenate. Dichromate or chromate solutions were made up
by welghing out ths recuired amount of salt. Low carbonate NaOH was prepared by
cooling hot saturated NaOH end decenting into wax-lined bottles.

The cell used for potential determinations consiated of & 4-ouncs bottle
fitted with a rubber stooper., A salt bridge containing the same soluticn as
the electrolyte made contact with 0.1 N KC1 in which the silver chloride electrode
wes immersed, The latter electrode was mounted in & glass tube, the bottom of
vhich was constricted to provide a liouid junction by means of a senled-in
asbestos fiber,

Air, first tubbled through ceustic soda and water, was used to serate and
stir most of the solutions. When nitrosen was used, it was purified by pacsing
over / feet of copper turnings meintsined at 400°C.

In tests for reversibility, the same metel electrode vas used throughout,
but for measurements of potentlals as a function of concentrstion, different
electrodes in separate cells were set up. In view of the considerstle tlme to
resch steady state, the latter arrenzement was the only practical nrocedurs.

This produced a greater scstter of the deta but also mede the observed correls-

tion of potential with concentration more convincing.




FOY-HTLAL DATA
IRON IN CHRUMATES

Iron in contact with distilled weter attains noble values of votential
a8 K00, ls s7ed. At = concentraticn of 0.0025 molar, the potential change
3s about 0.5 wolt {Fig. 1). Further change at higher concentrations is not

pronounced, The maximum notentisl change agrees with date presented by B.xma(25)

(25)5, M. Burns, J. Applied Phys., &, 398 (1937).

for iron in 0.01 X K,0r,0, solution,

On first immersing the electrodes in a dilute sclution of chromate.
pot entials are relatively active, chanzing to more noble values within about 2
to 4 hours. The time recuired is less as the concentration of chromate increases.
Steady-state values in all cases were reached in less than 24 hours.

When the electrodes at steady state in 0.0025 M chromate are transferred
to progressively more dilute soluticns, it is found that a maximum of half the
ennobling effect of the chromate is lost. This is true even after exposure to
distilled water for 41 houra,

18-8 STAINLESS STE:l AND TITANIUM

18-8 steinless steel cor.odes in dilute sulfuric acid, but corrosion is

effectively inhibited(%) on addition of small amounts of ferric or cupric salts.

(%)“Stainless Iron and Steel®, J. Monyvenny, 3rd ed., p. 302, Chavmen and Halil,

London, 1951.




"SROTINTCH pejeaey

*002°0 3 0°6C = 1 °403%A POTITISTI UT Ul aTIATox308Td JO

1I9% N 1'0'1908v SA 3

TeT3ue30d @pax1oeTd oWy uo suoyiTrPV _%030 Jo 300333 T oanB1y
(83117 /S3T0N)
¥31VM G37111S10 NI NOILVHLINIONOD _*040 o
,-01xs¢e el 8 9 14 2 o] >
1 1 T T 1T T T T o =z
m
LS - <. i oo+|
+S 4
— c°0+v0
o
.I-
A € 0+2
=
- 3T Hv o+r~
a u_ooz.:qo@ L
Lr-lLo—=H p—l———r—"T" | | | S'0+9
|—




C e e b rr—— s . - T . e ‘_.i

Similcre inhibition 1s observed to hold for titaniumZ7?), but vita the aif-

(27)J| Cobb and H. H. Uhlig, J. Eleatrochenm, Soc') m’ 13 (1952)0

-~
(‘9‘9. Schlain rnd J. Smetko, J. Electrochem. Soc., 39, 417 (1952).

ference that the heneflcial ef“scts extend to hydrochloric scid, unlike the
situation for 13-3, It is of interast, therefors, to determine the parallel
votential behavior of 13-8 und titanium in sulfuric acid as these inhibitors
ere added. The ootentials in 0.2 N H S0, containing up to 0,191 M ferric sulfete
are sumiarized in Fig. 2, and for similar additions of cupric sulfate up to 0.70
M in Fig. 3. The notentiels of 13-8 in ferric sulfate solution, followed for
several days, are found to become more notle by a maximm of 0.32 volt, vhereas
titanium sinilarly 1s ennobled to a maximm of 0,39 volt. Since 18-8 is initially !
more noble than titanium by 0.13 volt, the final potentials are not far different.
The general reoroducibility of the measurements can be gaged by a comparison
of two separate runs for 13-8 in aerated solutions. In addition, one run in
nitrogen-saturated solution showed that oxygen exerts no effect on the
potential behavior.
Potentials of 18-8 and titenium are aot reversible as shown by data of
Table I. On Lmmersing 18-8, proviously at steady state in 0,19 M Fe+++, into
0,002 ¥ Fe''" (referring to 0.2 N H.S0,), the second steady-state potential
remained more noble by 0,07 volt afer 27 hours exposure than the original
steady state value of 0.18 volt. However, on re-immersing the electrode into i
0.19 M Fe''¥, the votential of 0.35 volt at the end of 20 hours was only 0.04

vo.t more noble than the originsl vamlue.

-10 -
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Figure 2 Effect of Fo+++ Additions on the Electrode
Potentials of 18-8 Stainless Steel and Titanium
in 0.2 N B804« 7 = 25.0 T 0.29C,
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IABLE I
JEST OF REVERSIEILITY
4
18-8
Initial AE Change of Concentration Firal AT
Elactrolyte (volt) in molas/liter (volt)
0.15 ¥ ¥« " 1n 0,2 N H,50, 0.31
0.% Decrease to 0.010 «27 (4 hrs)
0.18 " 0,002 .25 (27 hrs)
0.31 Incraase to 0,191 .35 (20 hrs)
fitanium
0.70 M Cu'' in 0.2 N H.S0, 0.17
0.12 Decrease to 0,23 .16 1 und ;
0.09 n ® 0,072 A o0 .
0.00 " " 0.0 A2 m '
0.09 Increzse to 0.078 Jd3 0w :
0.12 n " Q.23 17 0 y
0.17 n " Q.70 dg n ;
Iron
2.5 x 1072 M ££r0, 0.49 volt  Decrease to 0.0 .25 (4 hrs)
. R
i
0.35 M NaOH in 47 NaCl 0.45 :
0.18 Decrease to 0,04 «20 (1 hr)
0.15 n " 0.025 A7 00
0.00 " " 0,0 A0 M
0.15 Increase tc 0.075 A7 0m .
0.18 n " 0.04 A3 n
0.45 " "0.35 W35 "

-1 -
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With cupric sulfete additions, the notential chenges are less than for
ferric sulfate, even though the final concentration of cupric ion is higher.
Maximum AE averaged 0,08 volt for 13-8 and 0.15 volt for tltasium.

In aerated NaCl, 13-3 stalnlesrs stzels in time cov:ode br- oitting,

!
Addition of alkeli inhibits this type of att.ack‘zg). Titeay. m, on the uther

é % an
(?3Jh, H. Uhlig and J. W. Metthews, Coreoaira, 7, 419 (1951).

o o —— —

hand, !z relatively resistant *< ritting in chloride solutions withoi! alkali
additions, including sea weter. Tre poteantial behevi-r cf 15- ic 4% NaeCl
uporn addition of NaOH up to 2.9 molar are shown in Flg. /4, and similarly ir
Fig. 5 for titanium with addition of NaOH up to .2 moler. Potentials were
followed for a total period of about 1720 hours. The remarksbie Giffarence in
Yehavior of the metals in this electrolyte compared with previsus electrolytes
is thet NaOH sdditions produce more sctive potentials, or decresse passivity as
measured by potential. The effects are most pronounced with first additions of
NaOH below about 0.01 molar, subsequent additions producing only slight change.

- The maximum chenge of potential for 18-3 was -0.33 volt and for titanium -0.38
volt, indicating again similer behevior of both metels.

It was also of interest to learn the effect of oxygen on the potentials
of 18-8 in this system, because of the imvortance oxygen has with respect to
pessivity of stainless steels exposed to the atmosphere. Potential measure-

: ments were carried out in /% NaCl containing 0.3 M NaOH through which nitrogen,
oxygen or air was bubbled. Also, one gas mixture was prepared, containing 0.05

atm. pertial pressure oxygen, by compressing eir aud nitrogen to appropriate

-12 -



pressures in a single gas cylinder and using this mixture to aerate and stir
the electrolyte. The: results are given in Fig. 6 showing that oxygen, as
sxpected, ennobles the potential of 13-8 as the partiel pressure increzses.
Out of curicsity, potentiels were also determined for iron im 4% NaCl
as a function of MaOH sdditions. Here the potuntial becomes more noble, oppo-
site to the trend for 18-8 cr titanium (Fig. 7). About 24 hours or less were
required for steady state. The values, on immersing the electrodes in several
more dilute NaOH solutions after reaching steady state in 0.35 M NaOH, were
the same as previously determined within 0,02 volt (after one hour) and on
returning the electrode to 0.35 M NaOH, the votentisl was less noble by 0.1
volt {Table I). It is especially significant thet the potential of iron,
initially active in 4% NaCl, and the potential of 13-8 initielly noble, approach
the same vnlue on additions of NaOH. The Lnitial potential of iron vs Ag-AgCl,
0.1 N KC1 is 0.78 volt which lecomes more noble on OH additions by 0.46
volt meking the final poientisl 0,32 volt active to Ag-AgCl. The potential of
18-8, on the other hand, is initially 0.05 volt noble to Ag-AgCl becoming
more active by 0.33 volt or finally 0.28 volt active to Ag-AgCl, a velue which
18 nearly the same as 0,32 volt for iron. This sugzests that the final sur-
face states of iron and 13-8 (vhich contains 74% iron’ in alkaline NaCl are
comparable, despite large initial differences inmsutral NaCl. Accordingly,
1t is not surprising that the corrosion vates in elkaline NaCl ere comparetly

lov for both metals, but are quite different in ueutrel or nenr neutrel NaCl

solutions.,

-13 -
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Figure 7 Effect of Ra)H Additions on the Electrode
Potential of Electrolytic Iron in 4% NaCl.
T = 25,01 0.29C, Aerated Solutions.
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DISCUSSION
For eech metsl studlec, the potentitl behavior ae a function of passivator
or inhititor concentrrtion recemtles a typicsl adsorption isctherm. This
relrtion is expected if 1nhibitors function by adsorbing on ihe metal surfece,
btut would not be predicted, presumatly, by any mechanism involving diffusion-
berrier oxide or other type reection-product films., Further consideration,

therefcre, of the asta in light of adsorption appesrs worthwhile.

JHE ADSORPTION ISOTHrEM AND POTENTIALS
The adsorvtion isotherm proposed by Langnmir(Bo) is expreszec as follows:

———— - o a——— -

(30)1- :'.-Bngnnlir, J.A.C.S., AQ, 1361 (1918)0

-
l+ap

where x 1s the amount of gas adsorhed per unit eres at pressure p, and 2 and
b are constents. The constant b is equal to meximum zdsorbate x at high
vulues of p, end & is releted to hea. of adsorption(Bl). Assuming that Henry's

Oy, Langmir, 7.0.0.5., 5, 2798 (1932).

Law applies, this can be converted to a similar expression for adsorption from

1ligulds vwhere concentretion of solute C substitutes for gas pressure p.
Furthermore, if the ions sdsorbing on a metzl surface form dipoles each

of electric moment /2, electrostatic theory leads to the expression 4TTn @



for the total change of potential AR produced by n dipoles adsorbing per
unit ares of metel surfece. Thersfore, AE is proportional to x, and maximm
a E, is similarly proportiona. to X

._C 1
If the Langruir isotherm applies, therefore, a linear reletion shouid
exist between 39-,3 plotted with C, the slope of which 18 equal to Zh , end the
m

intercept 18 oqual to at C = 0. The data for various inhihitor con-

al A B
centrations satisfactorily conf‘om to this relation as shown by Figs. 3 to 13.
Potentiels for 18-S and titanium in 0.2 } H,S0, containing Cu'' show a degree
of scattering, caused probably by the smsll measured potential differences in
these solutions compared with experimental variations, the maximum AE being

only 0.03 to 0.15 volt. ZCE versus C was not reproduced for Ti and 18-8 in

4% NaCl + NaOH, even though linearity is obtained for ell tut the lowest NaOR™ . -

concentrations. The test of linearity, however, loses significence when values
of AE are essentially constant with change of inhibitor concentrztion, as is
trve in this instence.

*If one considers a supnlementary diffuse double layar accord with Gouy and
Chepman, the additional potential change equals A_‘[%_ 32) where 6 is the

(32) "Introduction to Flectrochemistry", S. Glasstone, p. 524, D. Van Nostrand
(1942).

total electric charge per unit ares, D is the dislectric constant, andff is

ecual to ,ATTe? 3 having tne sume significance as in the Debye-Hiickel
( Dkt £ n1z12)

theory of electrolytes, Since #f has the dimensions of reciprocal length and

may be identified with the effective separation of charges in the digole layer,

this expression, if D = 1, achieves the same form as the expression for a fixed

dinole layer,

-15 -
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Figure 8 Lengmir Adsorption Plot for Electrolytic Iren
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Figure 10 Langmuir Adsorption Plot for 18-8
Stainless Steel in 0.2 }j Hy S0,
Containing Cu'’ Inmhibitor.
T = 25.0 T 0,29
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0.6

L ] J

0
0

Figure 13

0.04 0.08 0.12
NaOH CONCENTRATION
(MOLES / LITER)

Langsuir Adsorption Plot for
Ilectrolytic Iron in Aerated 4%
NaCl with NeOH Additions.

7 = 25.0 ¥ 0.20¢.




Correspondence, by and large, of the potentiasl datz to the Langmir tyve
isotherm polnts strongly to the view that the presently considered inhibitors
function by adsorbing on the metal surfece. FMurthermore, the observed corres-
pondence sugeests adsorption of the monolayer tyve, as wns pointed out by
Langmulr in t'.e derivetion of his isotherm equation. These conclusions are
strenzthened by messurements of Hackerman end Sudbury'33), showing that potentiels

(33 )N. Hackerman and J. Sudbury, J. Electrochem. Soc., 97, 109 (1950).

of steel in contact with organic amine inhibitore slso follow the Langmuir
adsorption isotherm. The linearity of f’ﬁ versus C reported by them is especially
significant, since it is generally conceded that orgenic inhibitors function by
adsorbing on the metal surfe.ce(y"3 5).

(34) myeta11ic Corrosion, Passivity and Provection”, U. R. Evans, p. 537, Ed.
Armold and Co., London (1946).

(35)g, p. Hoar, Pittsburgh International Conference on Surface Reactions, p. 127,

Corros. Pub. Co., Pittsburgh (1948).

Maximum potential change, in accord with oresent considerations, occurs
vith formation of a complete Lonolayer of chemisorbed ions, any additional
adsorption being accompanised ty relztively amall potential changes and lesser
effects on the corrosion rate. It is important to note, therefore, thet maximm
zhange of AFE in Fig. 1 for iron in chromates occurring at 2.5 X 1073 molar,
corresponds approximgtely to the minimm concentration of chromates (1 x 10"3
molar) found necessary by Robertson(s) for inhibition and passivity. It is

-16 -




probahly reasonable to comclude, thersfore, that optimum passivity is assoclated
vith a monolayer film of adsorbed chromate ions,

Part of the adsorbed chromate is chemisorbed and part is reversihly ad-
sorbed, as is pointed out by the time necessary to achieve steady state poten-
tials, indicative of the ususlly longer times required for chemisorption, and by
the partially irreversible mature of the potentials. Even after thorough
washing in distilled water, iron passiveted in radiosctiive chromates shows
residual radioactivity{19"2224) 4n4 the potential is more moble than initially.
The final irreversible or chemisorbed portion exerts about half the total
offoct on the potential. This result is in agreement vith a similar observation
of Ga‘l'.ots(36 ) who found that on first immersing iron in chromate solutions, the

(3)5. 6. Getos and H. ¥. Uhlig, J. Electrachem. Soc., 99, 250 (1952). ;

amount of metal reacting initially when iror is mede pasaive in conmcentrsted
nitric acid is less than in absence of chromate sxposure, and that half this

effsct of chromats, but no more, could be removed by preliminary washing in -

water. |
Povers and Eackemn(z’) suggested adsorption of chromate ions on a

surface oxide rather than on the metal. Although such adsorption presumably

mey occur, any mechanism of corrosion protection sccompanying a film of this

kini 18 not yet clear. An air-formed film, at least, is aot necessary to

adsorption. Preliminary measurements in this laborstory using radio-chromate

shoved that the ususl radiocactivity is picked up by oxide-free Armco iron sheet

(0.024% C). The iron specimens were hezted in dried pure Hj at 1000°C, cooled

in this gas, transferred to deaeratsd 1073 M Crslo.., pH 1.9, out of contact

vith air, and afier 2 to 17.5 hours, washed successively in three 200 ml portions

-17 -




of dlstilled vater. Somewhat greater residusl chromium (3 x 10%° atoms/em?)
was found than that reported by Brasher and Stove and by Hackerman and Powers
for abraded iron. No residual radicactivity was found on similar specimens
immersed directly into deaerated radicactive chromic perchlorate of pH 1.9,
ADSORPTION QF OXYGEN AND FERKIC, CUPRIC AND HIDROXYL IONS

Presumably, ferric and cupric ions also adsorb on 18-8 and titanium,
producing passivity as gaged by reduced corrosion rates cr noble potentials.
The ions have a certain electron affinity and when adsorbed receive a certain
amount of negative charge from the metal. The net effect including the effect
of negative ions in solution, is an overall nerastively charged ion layer near
the surface end an equal positive image charge in the metrl, similar to the
situation for chromates, This accounts for increasingly noble potentials as
more ferric and cupric ions adsorb, trivalent ferric ion being more effective
in this respect than divalent cupric ion, corresponding also to the order of
inhitition in dilute sulfuric actd(”"),

The more active potentisls of titanium end 18-8 in sodium chioride solu-
tion on addition of sodium hydroxide can be interpreted as ¢ - ~*i{*ion betwsen .
hydroxyl ion and oxygen for a place on the metel surfece, the adsorbed hydroxyl
ion producing a lower order dipole moment than adsorbed oxygen. Chemisorbed

oxygen, according to one viewpoint, is primarily responsible for passivity(s’37’38 )

(3N ger, 7, p. 24

(38)H| H. Uhlig, J. Electrochem. Soc., 22, 215C (1950)-

in these metals, TIf the pertial pressure of oxygen ig increased, the potential
becomes more noble (Fig. 6) in sgreement with this view. The potential
-18 -
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chenre from 0 to 1 etmosphere oxysen amounts to only 0.1 volt, sugresting

that the fundsmental p=ssive layer of chemisorbed uayren in alkaline NaCl is
only slightly disturbed by hydroxyl ions. This concurs with the observation
that avvarent ecuilibrium in this instence is affected between dissolved gas
end moleculsrly adsorbed oxyren and not atomically adsorbed oxy:ien, as shown
by the linearity of _AP_é plotted with P tut lack of linearity nlotting

B versus 4P, vhere D refers to partial oressure of oxgen. Previous ocuanti-

tative adsorption deta obtained for oxygen on 18-8(39) provided evidence, in

(39)}1. H. Uhlig and S. S. Lord, Jr., J. Electrochem. Soc., 100, 216 (1953).

fect, thet the alloy exposed two days to aerated water is covered by a close
prcked atomic oxyzen layer over which a molecular oxygen layer is adsorbed.

Were the chemisorbed etonic oxyren on 18-8 entirely displaced by OH , the potential
chunge would be in the order of 0.5 volt, corresponding tc complete breakdown

of passivity, but a potential chsnge of 0.4 volt occurs only in concentrated

alkalies, e.g., 20% NeoH(40),

(m)H. H. Unhlig, Traus- Am. Inst. Min. Met. Engrs., 140, 387 (1940).

Yhen iron, on the other hand, is imnersed in alkaline NaCl, the competi-
tion includes not only adsorbed O and oxygea, but l;.lBO adsorbed H, Iron
exposed to en acueous solution has a definite tendency to react, liberating
hydrogen and hydrous ferrous oxide, the free energy for the reaction being

negativo(u') and independent of pH, so long as theses corroeion products form

(/‘1).7. C. Warner, Trens. Electrochem. Soc., 83, 319 (1943).

-19 -




end no otber, Hydrogen so produced adsorbs on the iron surface and, in
neutral or alksline solutions, escapes reluctantly as H, impeding the corro-
sion reaction. With presence of dissolved oﬂgen,'adsorbed hydrogen reacts

to form water ae rapidly as oxygen reaches the metal surface. If, however,
rate of consumption falls below the diffusion rate to the surface, excess
oxygen, in turn, can adsorb on the metal. This adsorption, when it occurs, is
accompanied by a lowered corrosion rate and a more noble potential (passivity).
Thersfore, as hydroxyl ions are added to the solution, adsorbed H is increasing-
ly displaced by OH and reaction nf the former with dissolved oxygen slows
down. Consequently, oxygen is in excess at the surface, and conditions are
favored for its adsorption. Support of this state of affairs is provided by
the observation that in absence of oxyzen, the potential of iron in water is
more active when aJ.kalies(u’“) are added, as is expected on thermodynamic

(Lz)A. Travers and J. Aubert, Comptes Rend., 194, 2303 (1932).

(AB)E. Meunier and O. L. Bihet, Congres. Chem. Ind., p. 444 (1933).

- — - - -——

grounds*. Only in presence of oxygen does the jotential become more noble,
the messured potential being a compromise between the iron and oxygen electrode

values. In acid media, on the other hand, the iron electrode covered with

*me reduced solubllity of the Fe(QH) . layer on the metal surface as oH increases
serves to decrecse activity of Fe . This accounts for a more active potential
corresponding to the reaction Fe ew==® 1.-,'” + 2e, the value for which in volts
is 0-/&40 - 0.0295 1og S.P. + 0'059 log IoCo + 00059 pﬂ vhere S.P, 18 the
solubility oroduct of Fe(QH), and I.C. is the ionization constent for water.

. - \
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adsorbed hydrogen behaves approximately as a reversible hydrogen electrode(u”l*s) .

J. D'Ans and U. Breckheimer, 2. Elektrochem., 56, 585 (1952).

(44)

(45) "The Electrode Potential Behavior of Corroding Metals in Acueous Solutions",

0. Gatty, and E. Spooner, o. 310, Oxford Press, 1933.

- —-—— ——— - - -

Since iron and 13-8 have about the same votential in serated alkaline NaCl,
the inference is that if oxygen is chemisorbed on 18-3, it is also, under
these conditions, chemisorbed on iron and is responsible for observed passivity
in both metals. The energy of bonding of oxygen to the metal need not be the
same in both cases, however, end, tnerefore, the degree of oassivity may
differ.

Powers and Hackerman showed that competitive adsorption of Cr0,  and

OH takes olace on Cr(w) and iron(ZA) surfaces, similer to competitive adsorp-

(46’“. Heckerman and R. Powers, J. Phys. Chem., 57, 139 (1953).

tion of H, 0, and OH  described above.
RITTING TENDENCIES QF 18-8 ARD TITANIUM

Inhibition of pitting in 18-8 by hydroxyl ion can be accounted for ty
the reduced difference of potential between active and passive aress ih the

galvanic cells that account for p:l.tt:l.ng(”), slnce the passive aress are no

(4T pes. 7, p. 165.

-2] -
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longer so noble as before, In addition, metal chlorides at incipient pits
react with hydroxyl iocns vwhich migrate rapidly to anodic areas to form metal
hydroxides, The hydroxides, unlike soluble chlorides, do not continuousl,
destroy passivity or, vhat is the sams, do not maintain activity at the site of
chemical disturbence; hence, the pit never gets started., With titanium, the
pitting tendency is decreased by the pronounced tendency of titemium chloride to
hydrolyze to hydroxide or hydrous oxide even in absence of hydroxyl ioms.

Hence, titanium, better than 18-8, resists pitting in sea weter, and the poten-
tial data indicate that in alkaline salt solutions, the tendency would be still

less.

SEPARATION OF CHARGE IN THE DIPOLE LAYER

Values of AFE in combination with the equation AE = 4Ttnf make it
possible to calculats the average ssparation of negative charge in the adsorbed
chromate layer from the iron surface, Assuming a diameter of chromete iom

-]
ecual to 5.4 A, there will be 4.0 X 1011’

ions per cm? adsorbed in a close
packed monolayer. A layer based on true surface rather than apparent area
would still be ecuivalent in projected dipole moment to this rumber of ions.
Since the change of potential produced by a monolayer is 0.5 wolt (Fig. 1),

number of ions per cm?,

the calculated value of & where € is ecual to nde (n

d = separction of negetive and positive charge, and e = electronic charge) is

0.3 10 °F 0.07 % 10"8 cn. Hence, the excess

300x41'\'x1,x1011‘xl,.8x10-

electrons, according to this calculation, are, on the average, only 0.035 x 10'8

cm from the metsl surface, since the positive image charge within the metal is

at a similsr distance from the surface. In other words, a relatively slight

- 22 -




assymetry of electron density £t the met:l surface suffices to exolain the

observed adsorption potentials.

- e e ' R -

Values of the Lengmlr constunts AEh and a' are summarized in Table II.
In general, AEm celeulated from the slope of "'AQE va C agrees reasonchly well
with the observed meximum AEm. For iron in alksline NaCl, the difference
in values suggests thet the potentlal relations are more comnlex than the simnle
adsorotion of oxyzen alone, in accord with the discussion of lron potentials
above.

Yalues of a!, according to the Langmir derivetion, are larger as the
heet of edsorotion increases. Hence, 0, on 18-3 2nd chromates on iron show
aopreciable affinity of adsorbete for metal. Similc-rly, ferrie ions have
greeter effinity for 13-8 and titanium then cunric ions. The low value of a!
for iron in alkaline NaCl suoports the ocoint of view that competitive chemi-
sorption tzkes place between several specles, e.2., H, OH and 0, heats of
adsorption for one species tending to cancel out heats of desorption for the
species it disnlaces, Competition between oasible adsorbates very likely
accounts for tae pertlal reversibility of votentisls involving chemisorbed
films. In general, it should be emphasized that values of a' reflect a re-
sultant heat effect of one or more comoetitive adsorption processzes, even if
the subsstance disolaeid is nothing more than ohysically adsorbed H 0. The
primery orocess, of course, hes the lergest affect. By and lerge, relative
values of a'! sre in accord with the expected trend besed on chemicel properties

of the metals and asdsorbetes, end the observed potentinls and corrosion ‘wehavior,
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